J. INTRODUCTION
Intermolecular energy transfer is one of the elementary processes more carefully studied in the nonadiabatic molecular collision. In the low-energy regime, where the kinetic energy associated with nuclear motion is less than -20 eV, an important number of phenomena of this type is found in the astrophysics field, chemical reaction dynamics and gas lasers. In this context, during these last decades, an increasing interest is being addressed to the study of the quenching process of alkali atoms by diatomic molecules or different polyatomic partners. The most refined experimental techniques l such as crossed atomic, molecular, and laser beams are being applied in order to improve our understanding of the different mechanisms of energy redistribution. A great deal of experimental data are now available and the interpretation and prediction of these observable is not yet an easy task.
Since the earliest works of Bjerre and Nikitin 2 and Bauer, Fisher, and Gilmore 3 an increasing theoretical effort is being done not only in the obtention of accurate potential energy surfaces (PES's) and reasonable interelectronic couplings4-S but also in the application of classical or semiclassical dynamical treatments. In this kind offormalism the surface hopping trajectory (SHT) method 6 ,S-lo has been one of the most widely used until now. On the other hand, quantal treatments are very infrequent ll -IS and as far as we know no comparison between classical and quantal results has been done.
We are interested here in the collisional quenching Na*(3 2 p) + N2e~g+,V = OJ) -Na(3 2S) + N2e~t ,vii) (1) for which a lot of experimental data IS-20 as well as theoretical results from classical calculations 6 • s are now available. This quenching process may be conceptually divided in two steps21: (1) Evolution of the system on the upper attractive surface, where vibrational excitation of the diatomic partner may take place, and (2) electronic relaxation of the atom .) This work was supported by the C.I.C.Y. T. under Grant No. P80272. leading the system to the lower repulsive potential, whose strong anisotropy may induce a high diatomic rotational excitation. Three sets of accurate potential energy surfaces6-S for this system are available. Those of Archirel and Habitz 6 show the above features since the excited surface includes terms depending simultaneously on three variables, r (diatomic bond length), 0 (relative atom-diatom orientation), and R (atom-diatomic center of mass distance), while in the lower one only mixed (R,O) terms do appear. A similar behavior can be seen by examining the more recent surfaces of Poppe et al. S As regards to the surfaces of Persico, ' they were calculated at a fixed r value, therefore they do not allow accounting for vibrational excitation of the exiting N2 molecule.
However, a very important point has been established in that work,' that is, the occurrence of the strongest interelectronic couplings in the neighborhood of 0 = 0 and 0 = 'IT /2 configurations. Moreover, the region of crossing (or avoided crossing) between both electronic surfaces is located at higher and higher inaccessible energies as we go from the perpendicular to collinear configuration. Thus, it is widely accepted that the atom-diatom orientations around the perpendicular one provide the main contribution to the quenching process.
In this context, a quantal treatment near the 0 = 'IT/2 configuration may contribute to shed light about the mechanism of electronic to vibrational energy transfer yielding inversion of vibrational diatomic populations through this collisional quenching. In addition, as it has already been pointed out above, the lower electronic surface of Archirel et al. no longer depends at the same time on (r, 0) variables and, therefore, vibrational populations of the exiting diatom cannot be modified by its anisotropy. In this way, the final rotational diatomic excitations are being produced by pure translational to rotational energy transfer without change in the exiting vibrational diatomic state.
In this work, we study reaction (1), restricted to a region close to the C 2v symmetry, using a close-coupling formalism within the diabatic frame for a zero total angular momentum. This allows us to estimate final vibrational diatomic distributions together with the efficiency of the quenching process, but the rotational excitation of the N2 fragment and our calculations may be considered like a simulation of the collisional quenching within a narrow region around the C 2v symmetry. Therefore, this interelectronic coupling model, in a sense, would account for some angular average, in this (J region, through the preexponential parameter. Explicitly, this would imply a factorization of the angular dependence of this coupling, as it is usually assumed in other workslO(a).
The paper is organized as follows: In Sec. II, a brief theoretical description of the close-coupling formalism is presented. As will be seen later, this collision requires a high number of closed vibrational channels in the upper electronic state, suggesting an important resonant behavior. Finally, in Sec. III, two different coupling models are considered and the corresponding results are presented and discussed.
II. THEORY
A. Close-coupling equations Assuming a zero total angular momentum and a fixed relative angular orientation, the Hamiltonian for a X + Be triatomic system may be written
where
and m = mBme/(m B + me) are reduced masses, R is the distance between X and the center of mass of Be, and r is the Be bond length, while Jrl denotes the electronic Hamiltonian depending on the electronic coordinates {q;} as well as on Rand r. In the diabatic representation,22 the set of orthonormal electronic functions Sa' ({qJ) permits us to expand the total wave function as
a'
By substituting this expression in the usual Schrodinger equation Ht/I = Et/I, premultiplying by S ~, and integrating over the electronic variables, the following system of coupled equations is reached:
where V aa , (R,r) = (Sa IHells a ' ){q,}' Thediagonalelements
Vaa represent effective potential surfaces in the a electronic state for nuclear motion. At R long distances, they correlate with the energy of the X atom in a given electronic state plus a precise r-dependent electronic curve of the diatom Be. On the other hand, the nondiagonal elements, V aa , , a i= a', are responsible for electronic transitions. In the particular case under consideration, we assume a two-state electronic problem, a = 1,2, involving only the two lowest electronic states in the region around the C 2v symmetry. By expanding again the diabatic nuclear functions ({ia (R,r) in terms of vibrational diatomic eigenfunctions corresponding to the ground electronic state Xv (r),
and carrying them to the system of Eq. ( 4 ), we obtain, after doing a scalar product by
where Ev is the diatomic eigenvalue corresponding to a vibrational quantum number v in the ground electronic state while the V functions are (7) The solution of the set ofEq. (16) with the usual boundary conditions, at a given energy E, provides us the desired partial quenching probabilities
where a = 1 represents the initial excited electronic state and a = 2 does the final ground electronic state, Assuming a Boltzmann distribution in initial kinetic en-
being the atomic energy in the entrance channel, the mean quenching probabilities at a given temperature T may be calculated as
where K is the Boltzmann constant. Finally, the total mean quenching probability at T temperature becomes
u'
III. RESULTS AND DISCUSSIONS

A. Potentials and couplings
The potential surfaces used in our calculations have been taken, as it has been said above, from Archirel and Habitz.
6 They fitted with analytical expressions the points obtained by a modified Hartree-Fock calculation. These expressions for the ground (g) state as well as for the excited (e) one contain a diatomic part plus an atom-diatom interaction.
In atomic units these potentials for the C 2v configuration are, representing by U e and U g the two first PES's Vaa (R,r) in Eq. (4),
14R , and for N2 we have used a harmonic and anharmonic oscillator with the parameters that appear in Ref. 23 . On the other hand, the evaluation of interelectronic coupling elements and interpolation present some peculiar difficulties and assume a critical importance in the case of avoided crossing.
7 Thus, there is a lack of information about convenient interelectronic couplings that appear in the coupled equations (6). So that, usually, the interelectronic coupling has been modeled by different kind of functions as in quantal treatments mentioned above. In collision ionization processes an exponential form has been used 24 by fitting their parameters to previously available data. However, in a case similar to the one studied here, McGuire et al. 12 have employed a Gaussian function for modeling the nonadiabatic electronic coupling in a diabatic representation. In the Na-N 2 case, although we do not have a complete grid of calculated coupling points, Persic0 7 has performed an ab initio calculation, and also he has calculated the interaction matrix elements between diabatic states. Unfortunately, potentials and couplings were computed at a fixed value of r (diatomic bond length) but they are a good guide for understanding both the behavior and shape of the interelectronic couplings in Na-N 2 . Persico found out that the value of the interelectronic coupling increases in going from very large to moderate R values, as the local symmetry of the Na atom is more and more perturbed by the presence ofN 2 . He explains the inversion of this trend around a given R value as probably due to the increasingly ionic character of the diabatic basis. In fact, when the unpaired electron is localized, respectively, on Nain the lSI) diabaticstate, and on N2 in IS2), the <SI IHe\ls2) interaction should be weak. Then the shape and behavior of the interelectronic coupling could be well represented by a Gaussian function (see Fig. 4 
in Persico 7
).
Moreover, due to the place where the crossing seam between PES's is located, the wave functions will vanish on the left near the crossing, and therefore an exponential or a Gaussian model for the coupling would lead to similar results. Thus, we here modeled this coupling by a Gaussian-type function, i.e ..
Vaa' (r,R)
The preexponential parameter B gives an idea of the "strength" of the coupling, {3 determines its "width", and Re is the point where the Gaussian function is centered. The values taken for Band {3 have been reasonably chosen in order to reproduce the experimental data and after different tests, we took the following values B = 0.001 a.u. and {3 = 8 a. u. -I Varying the coupling-width parameter in Eq. (13) we can shift slightly the distribution of probabilities and change the magnitude of the distributions of probabilities. The last effect is amplified also varying the B parameter but the relative inelastic probabilities are conserved here.
A parameter that must be treated with special attention is Re. In Table I we present the final partial quenching probabilities at different kinetic energies by using two Re values. The first one, Re = 3.437 a.u., is the crossing point of minimum energy in the crossing seam between both ground and excited electronic surfaces (similar to the McGuire and Bellum choice 12 ). It can be seen that the inversion of population obtained depends on the kinetic energy range studied, mainly for the case where Re = 3.437 a.u. This point is situated far on the left from the return classic points at these energies. Therefore, the coupling between the continuum wave functions is smaller than for the case where the Gaussian function is centered at Re = 4.12 a. u. Furthermore, this point is near to crossing between the entry v = 0 channel and the exit v' = 2 channel while Re = 3.437 a.u. is the crossing point between the v = 0 and v' = 0 channel. Thus, the shape of these vibrational distributions can be monitored by using simple interelectronic coupling centered in some adequate point. With all this in mind, and taking into account the "bond stretch model" proposed by Hertel I for the electronic energy transfer, we used as coupling the following expression:
where, in this formula, Rc (r) is the crossing seam of the two electronic surfaces involved in the process. So we introduce the dependence on r in the interelectronic coupling, because the vibration ofN2 is important for it, as was pointed out by several authors. Therefore, this coupling contains information arising from the PES's. Thus the proper distribution is produced by the PES's themselves.
In Fig. 1 we plot Rc (r) vs r. This curve can be fitted by a straight line, around the equilibrium position of the N2 oscillator. This fitting is feasible not only for the C 2v configuration but also for other angles between rand R. In Table II port strongly our idea of studying the quenching around the T -shape configuration, because for the other angles the quenching probabilities are negligible. In Fig. 2 we plot some averaged couplings with Eq. ( 15), they look like those calculated in Ref. 25 . This coupling will be employed in the next section and it is the coupling model proposed in this work for studying the quenching process.
B_ Final vibrational distributions
In Table III , we present the quenching probabilities P O -n , where v = 0 and Vi = n are the entry and exit vibrational channels, together with the elastic probabilities at different kinetic energies, Ek (cm-I ), and for B = 0.001 a.u.
and f3 = 8 a. u. -I We can observe that the inversion of the final vibrational popUlation depends on the kinetic energy. This fact is also seen when we use an anharmonic potential for describing the diatomic molecule as is shown in Table IV .
The maxima obtained for the population were for Vi = 2 at low kinetic energies and Vi = 1 for higher ones, in the harmonic case, and remain Vi = 2 in the same range for the anharmonic description. The only difference between both calculations is the potential describing the diatomic (harmonic or anharmonic). This potential influences in the separation among vibrational channels and also in the coupling.
With an anharmonic potential the vibrational channels are more and more close while this separation is kept constant in the harmonic case. With respect to the couplings, their values are similar but in the anharmonic case all vibrational channels are connected by means of the (r -2.07) term that appears in Eq. (11) (upper electronic state) while only consecutive channels are coupled in a harmonic description.
In Table V we compare some theoretical results for final vibrational population at E k = 0.17 e V with our results. The two first columns have been obtained with a SHT method but using different dynamical models, PES's, and couplings. Only the second column represents a three-dimensional calculation and the PES's for the perpendicular configuration are the same than those used in this work. A peak in v' = 2 is obtained for all the four distributions but the population in each exit channel is different. However, a good qualitative agreement is found when we compare the three-dimensional classical calculation with the T -shape quantal model. This result is not surprising because, after quenching, the coupling term appearing in the ground state among R, r, () is very small. Thus, the final vibrational popUlation is not modified on this state. Moreover, the quenching process, as it was said above, only is effective for angles around rr/2 [i.e., if Rc ( Ek is the relative kinetic energy in cm -I, and B, P are the same as used in Table III . Here, N2 is considered as an anharmonic oscillator. lO(a) is commented that previous semiclassical approaches did not treat the vibrational motion properly and, consequently, the theoretical distributions were not in satisfactory agreement with experiment. They recognized that for obtaining final vibrational populations, it is necessary to use a quantum mechanical theory for describing the vibrational motion. Then, they considered this motion in a quantum way, but no ab initio PES's were used and also a vibrational decoupling from the translational motion was assumed. With the "bond-stretch model" in mind, this decoupling seems to be unappropriated, although the use of the new ab initio PES's should probably allow the improvement of their results. On the other hand, in the work of Archirel et al., 6 ab initio PES's were used but again the vibrational motion was treated classically, nevertheless, no further dynamical approximations were made. This is the main advantage of using classical mechanics for the quenching process as compared with three-dimensional quantal calculations. These are feasible but they are very expensive and, therefore, additional assumptions in order to make the calculations tractable are required. In spite of this, quantal approaches (such as the work presented here), allow a great physical insight into the mechanism of the quenching process. In Fig. 3 we present the averaged transition probabilities using a Maxwell-Boltzmann distribution with a harmonic potential for N2 and in Fig. 4 the same for the anharmonic case. In the anharmonic case, the inversion of population . remains when the temperature is going up, while in the harmonic case, it decreases with temperature. An experimental study would be very interesting in order to analyze the evolution of these vibrational populations with kinetic energy (or temperature). The stability of these distributions would indicate, if experimentally found, the importance of anharmonicity in the process. At 1200 K, the energy transferred to the vibrational motion ofN 2 , when the Na has been quenched, is about 20% in harmonic and the 26% in the anharmonic oscillator. The experimental results of Silver et al. 16 give between 30% and 40% while Reiland et al. 17 have obtained about 50%. The discrepancy between the experimental and theoretical results is due to the different final vibrational populations. The experimental ones are peaked at one or two vibrational quantum numbers greater than that found in the theoretical studies. However, following Kompa et al. 26 only a limited knowledge of these distributions can be obtained in this kind of experiment, but direct measurements of the population distribution of the quencher are not easy. A useful technique TABLE VI. Partial quenching probabilities at some different relative kinetic energies (E k' in em -I ). On the left side, all channels are open while on the right one, closed channels have been used until numerical convergence was reached, N2 being a harmonic oscillator. seems to be the coherent anti-Stokes-Raman spectroscopy (CARS) to measure directly the internal energy distribution of the diatomic. All the calculations were performed with nine channels in the ground electronic state and ten in the first excited state. The number of closed channels necessary for the numerical convergency was ten (nine in the excited state). In Table VI , we present at some kinetic energies the different probabilities in the exit channels obtained with and without closed channels in the harmonic case. As it can be seen, the total quenching probability is greater by a factor -5 when we introduce into the calculation the closed channels. Moreover, the vibrational excitation is greater with than without closed channels. The importance of the closed channels was already pointed out by Hertel l and this fact shows that the quenching process is not a direct one. The resonances could play an important role. For the anharmonic case, the results obtained in the same way are very similar to those presented in this table.
In order to test the possible resonances that exist in the quenching process, it would be important to study the presence of metastable levels. In this sense, the application of a diabatic (D) and a diabatic--configuration interaction (D-CI)27 model would be useful in the calculation of the quasibound levels and the corresponding lifetime. Works in this direction are now in progress. 28
IV. CONCLUSIONS
We have carried out the first quantal close-coupling calculation of the Na-N 2 system. Although restricted to C 2v configuration, we have seen that only in (or around) (J = 1T12, quenching probabilities are not negligible. In any case, the stretching of diatomic bond, included in our coupling model, is important in order to explain this process. The main features of this system can be studied with the coupling model proposed here, together with the ab initio PES's.
